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S
caffolding proteins that are associated
with glutamate receptors in dendritic
spines govern the location and function
of receptors to control synaptic trans-
mission. Unraveling the spatio-temporal
dynamics of protein-protein interactions
within components of the scaffolding
complex will bring to light the function
of these interactions. Combining bio-
luminescence resonance energy transfer
(BRET) imaging to electrophysiological
recordings, we have recently shown that
GKAP, a core protein of the scaffolding
complex, interacts with DLC2, a protein
associated with molecular motors.
Synaptic activity-induced GKAP-DLC2
interaction in spines stabilizes the scaf-
folding complex and enhances the
NMDA currents. Interestingly, this work
placed emphasis on the bioarchitectural
dependence of protein-protein inter-
action dynamics. Depending on physio-
logical conditions, the modulation in
space and time of protein-protein inter-
action is acutely regulated, engendering a
subtle control of synaptic transmission in
the state of the individual synapse.
The communication between neurons is
mainly achieved at the level of chemical
synapses. In the presynaptic terminal,
synaptic vesicles containing neurotrans-
mitters (NT) are recruited to specialized
release sites termed active zones. Once
released, the NT diffuses within the
synaptic cleft and binds to postsynaptic
receptors that change the membrane
potential and initiate signal transduction
cascades. Glutamate is the main excitatory
NT in the mammalian brain. Most excita-
tory inputs find postsynaptic connections
at dendritic spines. Spines are postsynaptic
specialized protrusions, dynamic structures
that ensure the compartmentalization of
biochemical and electrical signals.
1,2 Spines
contain NT receptors, organelles, and
signaling systems essential for synaptic
function and plasticity. Right beneath
the postsynaptic membrane resides an
electron-dense organelle named the post-
synaptic density (PSD). In the PSD,
multiprotein complexes mediate the
organization and clustering of receptors
and orchestrate their specific coupling to
various signaling pathways.
3 A loss or
dysregulation of these scaffolding proteins
can generate a variety of neurological
diseases.
4 However, although the impor-
tance of receptor scaffolding proteins in
the control of receptor functions is well
established, the molecular detail of the
endogenous interactions and the roles that
they play in the regulation of synaptic
transmission is poorly defined because of
the dearth of methods for acutely and
specifically monitoring the binding inter-
actions and their dynamics. Recently, a
chemically based approach for acutely
disrupting endogenous interactions within
the postsynaptic scaffolding complex has
proved the importance of scaffolds in the
stabilization of glutamate receptors at the
synapse.
5 Scaffolding complexes trigger
the specific anchoring of glutamate
receptors within synapses.
6 Furthermore,
genetic perturbations that reduce the
stability of these scaffolding protein com-
plexes would sustain synaptic and beha-
vioral dysfunction in a mouse model of
autism.
7 These recent publications high-
light the need to study such dynamic
interactions in native conditions.
Macromolecular complexes that are
held together by protein-protein interac-
tions govern the functioning of excitatory
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synapses in the mammalian brain.
Scaffolding proteins function not only as
anchors, but also as signaling proteins for
neurotransmitter receptors. As synapses
are dynamic structures, studying the
dynamics of such synaptic receptor scaf-
folds and their role in neurotransmission
is an essential query. In particular, the
molecular mechanisms regulating the
postsynaptic targeting and assembly of
neurotransmitter receptors and associated
scaffolding proteins in the PSD are still
poorly understood. Guanylate kinase-
associated protein (GKAP) is a core
protein of the PSD95-GKAP-Shank-
Homer scaffolding complex linking glu-
tamate receptors (NMDA and group I
mGlu receptors, Fig.1). This complex
governs glutamate receptor location and
function in dendritic spines.
8-12 Interest-
ingly, GKAP also interacts with DLC2,
13 a
light chain shared by cytoplasmic dynein
and myosin-V.
14 This adaptor protein
functions as a molecular motor that drives
the trafficking of cargoes along micro-
tubules and actin filaments.
15-17 The asso-
ciation of GKAP with molecular motors
raised the question of its functional inter-
action in the organization and activity of
the glutamate receptors. An original com-
bination of bioluminescence resonance
energy transfer (BRET) imaging
18,19 with
immunofluorescence staining and electro-
physiological recordings recently allowed
us to better understand the physiological
role of GKAP-DLC2 complex in post-
synaptic glutamate receptor assembly and
function.
20 Studying the spatio-temporal
dynamics of GKAP-DLC2 interaction in
living hippocampal neurons, we found
that GKAP-DLC2 interaction was pro-
minent in dendritic spines and could be
exacerbated by sustained synaptic activity.
Indeed DLC2 specifically interacts with
GKAP but not other PSD-associated
scaffolding elements. We showed that
GKAP-DLC2 interaction has two com-
plementary functions, both solicited by
neuronal activity (Fig.1): First, GKAP-
DLC2 interaction within dendritic spines
stabilizes the postsynaptic complex at the
PSD, highlighting the role of DLC2 as a
hub protein that interacts with partially
disordered proteins to promote their
adequate organization. Second, GKAP-
DLC2 increases the spine preferential
expression of GKAP and its cognate
scaffolding partners in dendritic spines.
As a light chain of myosin V, DLC2 seems
to be an adaptor protein that functions
as a molecular motor to drive the specific
trafficking of GKAP toward dendritic
spines along actin filaments. The overall
functional consequence of GKAP-DLC2
interaction is the enhancement of NMDA
synaptic currents. This extended role of
GKAP-DLC2 complex is in agreement
with the existence of non-synaptic clusters
of synaptic proteins
21 and would explain
the essential role of the actin cytoskeleton
in both maintenance and reorganization
of the PSD.
22
In their physiological environment,
membrane receptors form complexes with
scaffolding proteins that link them to the
cytoskeleton as well as receptor’s intra-
cellular signal transduction pathways.
Despite the relatively stable structure of
such receptor-associated scaffolds, the
exchange of individual adaptor proteins
within complexes can occur within a short
period of time and in a highly regulated
manner, which provides fine-tuning, speed
and specificity to the receptor’s signaling.
Depending on physiological conditions,
protein-protein interactions will be modu-
lated in space and time. Therefore, an
essential biological concern is to under-
stand how proteins are activated as free
molecules or part of complexes. Our study
throws new light on the spatio-temporal
dynamic of GKAP-DLC2 interaction and
its function. Thus, modulation of protein-
protein interactions within scaffold com-
plexes governs synaptic transmission.
Interestingly, BRET signals (reporting
the interaction between GKAP and
DLC2) differed between spines. These
differences placed emphasis on physio-
logical disparities between spines. The
amount of proteins per spine may be
different, thus small differences in DLC2
and GKAP protein expression ratio will
influence the effectiveness of the inter-
action. But more importantly, spines are
dendritic protrusions allowing the isola-
tion of the biochemical and electrical
signals generated by receptors. Neuronal
activity is not homogenous and will vary
from one spine to another, controlling the
efficiency of GKAP-DLC2 interaction.
DLC2 is a light chain of myosin V, this
adaptor protein links GKAP to the
molecular motor and drives the specific
trafficking of GKAP along actin filaments
up to the PSD in spines. This confirms the
critical role of filamentous actin in deter-
mining the extent of dynamic reorganiza-
tion in PSD molecular composition.
22
Spines have an elaborate mechanical
nature that is regulated by actin fibers.
23
This morphology-dependent modulation
of protein-protein interactions introduces
a supplemental level of complexity in the
control of cell signaling. These subtle and
confined variations of interactions accur-
ately control the cell signaling. Regarding
neuron morphology in particular, spines
are especially advantageous to neurons due
to their role in compartmentalizing bio-
chemical and electrical signals. This can
help to encode changes in the state of an
individual synapse without necessarily
affecting the state of other synapses of
the same neuron. This undoubtedly affects
the efficiency of protein-protein interac-
tions between spines.
We evidenced for the first time the
spatio-temporal occurrence and dynamics
of protein-protein interactions in living
neurons to control receptor function and
synaptic transmission.
The development of sensitive tools
(rather than general approaches that miss
subtle variations of protein interactions in
space and time) is a major advance in the
field of cell signaling. Thus, activity-
induced modulation can be directly com-
pared with the basal interaction in the
same neuron, same spine, pixel by pixel.
The present findings provide a novel
regulatory pathway of synaptic transmis-
sion that depends on activity-induced
remodeling of the postsynaptic scaffold
protein complex. Other regulatory roles
for scaffolding proteins will soon be
revealed. For example, scaffold remodeling
also represents a form of homeostatic
control of synaptic excitability.
24 Indeed,
the PSD95-GKAP-Shank-Homer scaffold-
ing complex disassembly (triggered by
sustained activation of synaptic NMDA
receptors) induces a physical and func-
tional interaction between NMDA and
group I mGlu receptors. Interestingly,
this protein scaffold remodeling is spine-
confined and results in a negative feed-
back loop on NMDA receptor activity. It
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Figure1. GKAP-DLC2 interaction, favored by sustained synaptic activity in the dendritic spine, stabilizes scaffolding protein expression at the PSD and
enhances synaptic glutamate receptor activity.
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has also become clear that scaffold pro-
teins have a crucial role in regulating
various signaling cascades in many other
cell types (such as immune-cell signaling,
25
or infection
26,27). Therefore, this ubiquit-
ous functional importance of protein-
protein interactions within scaffolding
complexes stresses the need to study the
spatio-temporal dynamic of complexes and
to understand their functions.
Acknowledgments
We thank Muriel Asari for the icono-
graphy (Institute of Functional Genomic,
Montpellier, France). We are grateful to
Roger Taylor for editing the English gram-
mar and typography (rogertaylorservices@
gmail.com, Paris, France). This work was
supported by the European Community
(Health-F2-2008-222918 - REPLACES),
Agence Nationale de la Recherche
(ANR-08-MNPS-037-01, SYNGEN,
ANR-11-BSV4-018-03, DELTAPLAN),
La Fondation Jérôme Lejeune.
References
1. Bonhoeffer T, Yuste R. Spine motility. Phenomeno-
logy, mechanisms, and function. Neuron 2002; 35:
1019-27; PMID:12354393; http://dx.doi.org/10.
1016/S0896-6273(02)00906-6
2. Harris KM, Kater SB. Dendritic spines: cellular
specializations imparting both stability and flexibility
to synaptic function. Annu Rev Neurosci 1994;
17:341-71; PMID:8210179; http://dx.doi.org/10.
1146/annurev.ne.17.030194.002013
3. Kim E, Sheng M. PDZ domain proteins of synapses.
Nat Rev Neurosci 2004; 5:771-81; PMID:15378037;
http://dx.doi.org/10.1038/nrn1517
4. Bockaert J, Perroy J, Bécamel C, Marin P, Fagni L.
GPCR interacting proteins (GIPs) in the nervous
system: Roles in physiology and pathologies. Annu
Rev Pharmacol Toxicol 2010; 50:89-109; PMID:
20055699; http://dx.doi.org/10.1146/annurev.pharmtox.
010909.105705
5. Sainlos M, Tigaret C, Poujol C, Olivier NB, Bard L,
Breillat C, et al. Biomimetic divalent ligands for the
acute disruption of synaptic AMPAR stabilization. Nat
Chem Biol 2011; 7:81-91; PMID:21186349; http://
dx.doi.org/10.1038/nchembio.498
6. Bard L, Sainlos M, Bouchet D, Cousins S, Mikasova L,
Breillat C, et al. Dynamic and specific interaction
between synaptic NR2-NMDA receptor and PDZ
proteins. Proc Natl Acad Sci U S A 2010; 107:19561-
6; PMID:20974938; http://dx.doi.org/10.1073/pnas.
1002690107
7. Bangash MA, Park JM, Melnikova T, Wang D, Jeon
SK, Lee D, et al. Enhanced polyubiquitination of
Shank3 and NMDA receptor in a mouse model of
autism. Cell 2011; 145:758-72; PMID:21565394;
http://dx.doi.org/10.1016/j.cell.2011.03.052
8. Kim E, Naisbitt S, Hsueh YP, Rao A, Rothschild A,
Craig AM, et al. GKAP, a novel synaptic protein that
interacts with the guanylate kinase-like domain of the
PSD-95/SAP90 family of channel clustering molecules.
J Cell Biol 1997; 136:669-78; PMID:9024696; http://
dx.doi.org/10.1083/jcb.136.3.669
9. Boeckers TM, Winter C, Smalla KH, Kreutz MR,
Bockmann J, Seidenbecher C, et al. Proline-rich
synapse-associated proteins ProSAP1 and ProSAP2
interact with synaptic proteins of the SAPAP/GKAP
family. Biochem Biophys Res Commun 1999;
264:247-52; PMID:10527873; http://dx.doi.org/10.
1006/bbrc.1999.1489
10. Naisbitt S, Kim E, Tu JC, Xiao B, Sala C, Valtschanoff
J, et al. Shank, a novel family of postsynaptic density
proteins that binds to the NMDA receptor/PSD-95/
GKAP complex and cortactin. Neuron 1999; 23:569-
82; PMID:10433268; http://dx.doi.org/10.1016/
S0896-6273(00)80809-0
11. Naisbitt S, Kim E, Weinberg RJ, Rao A, Yang FC,
Craig AM, et al. Characterization of guanylate kinase-
associated protein, a postsynaptic density protein at
excitatory synapses that interacts directly with post-
synaptic density-95/synapse-associated protein 90. J
Neurosci 1997; 17:5687-96; PMID:9221768
12. Takeuchi M, Hata Y, Hirao K, Toyoda A, Irie M,
Takai Y. SAPAPs. A family of PSD-95/SAP90-
associated proteins localized at postsynaptic density. J
Biol Chem 1997; 272:11943-51; PMID:9115257;
http://dx.doi.org/10.1074/jbc.272.18.11943
13. Naisbitt S, Valtschanoff J, Allison DW, Sala C, Kim E,
Craig AM, et al. Interaction of the postsynaptic
density-95/guanylate kinase domain-associated protein
complex with a light chain of myosin-V and dynein. J
Neurosci 2000; 20:4524-34; PMID:10844022
14. Benashski SE, Harrison A, Patel-King RS, King SM.
Dimerization of the highly conserved light chain shared
by dynein and myosin V. J Biol Chem 1997;
272:20929-35; PMID:9252421; http://dx.doi.org/10.
1074/jbc.272.33.20929
15. Lee KH, Lee S, Kim B, Chang S, Kim SW, Paick JS,
et al. Dazl can bind to dynein motor complex and may
play a role in transport of specific mRNAs. EMBO J
2006; 25:4263-70; PMID:16946704; http://dx.doi.
org/10.1038/sj.emboj.7601304
16. Navarro C, Puthalakath H, Adams JM, Strasser A,
Lehmann R. Egalitarian binds dynein light chain to
establish oocyte polarity and maintain oocyte fate. Nat
Cell Biol 2004; 6:427-35; PMID:15077115; http://dx.
doi.org/10.1038/ncb1122
17. Schnorrer F, Bohmann K, Nüsslein-Volhard C. The
molecular motor dynein is involved in targeting swallow
and bicoid RNA to the anterior pole of Drosophila
oocytes. Nat Cell Biol 2000; 2:185-90; PMID:
10783235; http://dx.doi.org/10.1038/35008601
18. Coulon V, Audet M, Homburger V, Bockaert J, Fagni
L, Bouvier M, et al. Subcellular imaging of dynamic
protein interactions by bioluminescence resonance
energy transfer. Biophys J 2008; 94:1001-9; PMID:
17921204; http://dx.doi.org/10.1529/biophysj.107.
117275
19. Perroy J. Subcellular dynamic imaging of protein-
protein interactions in live cells by bioluminescence
resonance energy transfer. Methods Mol Biol 2010;
591:325-33; PMID:19957139; http://dx.doi.org/10.
1007/978-1-60761-404-3_19
20. Moutin E, Raynaud F, Fagni L, Perroy J. GKAP-
DLC2 interaction organizes postsynaptic scaffold
complex to enhance synaptic NMDA receptor activity.
J Cell Sci 2012. In press. PMID:22328512; http://dx.
doi.org/10.1242/jcs.098160
21. Gerrow K, Romorini S, Nabi SM, Colicos MA, Sala C,
El-Husseini A. A preformed complex of postsynaptic
proteins is involved in excitatory synapse development.
Neuron 2006; 49:547-62; PMID:16476664; http://dx.
doi.org/10.1016/j.neuron.2006.01.015
22. Kuriu T, Inoue A, Bito H, Sobue K, Okabe S. Differ-
ential control of postsynaptic density scaffolds via actin-
dependent and -independent mechanisms. J Neurosci
2006; 26:7693-706; PMID:16855097; http://dx.doi.
org/10.1523/JNEUROSCI.0522-06.2006
23. Honkura N, Matsuzaki M, Noguchi J, Ellis-Davies
GC, Kasai H. The subspine organization of actin fibers
regulates the structure and plasticity of dendritic spines.
Neuron 2008; 57:719-29; PMID:18341992; http://dx.
doi.org/10.1016/j.neuron.2008.01.013
24. Moutin E, Raynaud F, Roger J, Pellegrino E,
Homburger V, Bertaso F, et al. Dynamic remodeling
of scaffold interactions in dendritic spines controls
synaptic excitability. J Cell Biol 2012. In press.
25. Shaw AS, Filbert EL. Scaffold proteins and immune-
cell signalling. Nat Rev Immunol 2009; 9:47-56;
PMID:19104498; http://dx.doi.org/10.1038/nri2473
26. Meinzer U, Barreau F, Esmiol-Welterlin S, Jung C,
Villard C, Léger T, et al. Yersinia pseudotuberculosis
effector YopJ subverts the Nod2/Rick/Tak1/ pathway
and elicits intestinal barrier dysfunction via caspase-1
activation. Cell Host Microbe 2012. In press.
27. Selyunin AS, Sutton SE, Weigele BA, Reddick LE,
Orchard RC, Bresson SM, et al. The assembly of a
GTPase-kinase signalling complex by a bacterial
catalytic scaffold. Nature 2011; 469:107-11; PMID:
21170023; http://dx.doi.org/10.1038/nature09593
32 BioArchitecture Volume 2 Issue 2